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Experimental and theoretical evidence point out to the crucial role of specific resonant intramolec-
ular vibrational modes in the interpretation of long-lived coherences observed in two-dimensional
spectra of some natural and synthetic light harvesting complexes. For the natural situation of illumi-
nation by incoherent (sun)light, the relevance of these vibrations is analyzed here for light-harvesting
vibronic prototype dimers. The detailed analysis of the density matrix dynamics reveals that the
inclusion of the intramolecular vibrational modes reinforce up to one order of magnitude the exciton
coherence and may increase the populations of lowest energy single exciton states, as well as popu-
lations and coherences in the site basis. In sharp contrast to the case of initial-state preparation by
coherent (laser)light-sources, the initial thermal state of the local vibrational modes, as well as that
of the anti-correlated mode, evolves devoid of non-classical correlations as confirmed by the absence
of negative values of its phase-space quasi–probability distribution at all times. Therefore, not only
the long-lived coherences observed in two-dimensional spectra are induced by the coherent character
of pulsed laser sources, but it is unambiguously shown here that the non-classical character generally
assigned to the anti-correlated vibrational mode also comes as the result of the preparation of the
initial state by coherent pulsed laser sources.
In the last three decades, new experimental, theoreti-
cal and computational techniques have been developed to
resolve the interplay between the multiple electronic and
vibrational degrees of freedom, together with the variety
of energy scales involved in molecular-aggregates energy-
transfer-processes. [1–7]. In doing so, two-dimensional-
electronic-spectroscopy experiments have revealed long-
lived oscillations in two-dimensional spectra of several
photosynthetic light-harvesting complexes [8–10] that
pointed out to the potential existence of non-trivial quan-
tum effects related to the interplay of the electronic and
vibrational degrees of freedom [1, 2, 11–13]. In particular,
the coupling between the electronic degrees of freedom
and intramolecular vibrations in quasi-resonance to exci-
tonic transitions (vibronic coupling) has been proposed
as a consistent physical design principle that could ex-
plain the origin of long-lived oscillations observed in two-
dimensional spectra, and possibly related to the high ef-
ficiency of the energy transfer process [14–22]. Unexpect-
edly, during the course of potentially being supporting
long-lived oscillations, the state of the intramolecular vi-
brations evolve from a thermal state with non-quantum
correlations into a state provided with genuinely quan-
tum correlations even at room temperature [23].
Two-dimensional-electronic-spectroscopy is a laser-
pulsed non-linear technique [24] and therefore, the extend
to which their results are representative for natural con-
ditions with continuous incoherent light sources has been
intensively addressed in the literature [7, 18, 25–34]. It
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is by now clear that the dynamics induced by suddenly-
turned-on incoherent sunlight are qualitatively different
from coherent laser sources and also different from a bare
white-noise-source provided that incoherent light has a
super-Ohmic character and does not induce pure dephas-
ing dynamics [31, 35]. The relevance of intramolecular vi-
brational modes, their impact on the energy transfer, as
well as their non-trivial quantum character are explored
here for the natural scenario of illumination by sunlight.
To account for that natural scenario in which chro-
mophores harvest incoherent sunlight in the presence
of localized vibrational modes, consider vibronic dimers
formed by chromophores treated within the two-level ap-
proximation and a quantized intramolecular vibrational
mode in interaction with each monomer. The vibronic
dimers are initially set up in their electronic ground and
thermal vibrational state. The excitation ignited by sun-
light is then dissipated by a thermal phonon bath that
accounts for the effects of the protein and solvent environ-
ments. The subsequent dynamics of the vibronic dimer
are compared, in the site and exciton bases, with the
dynamics of its corresponding electronic dimer with no
specific intramolecular vibrational modes. As concrete
examples, the two phycoerythrobilin chromophores from
the protein-antenna phycoerythrin 545 and the two dihy-
drobiliverdin chromophores from the protein-antena phy-
cocyanin 645 of marine cryptophyte algae are considered
below.
Under sunlight illumination, it is found that the intro-
duction of intramolecular vibrational modes may increase
the population amplitudes in the vibronic dimers com-
pared to the electronic ones. The amplitude of the single
2exciton coherence increases up to one order of magni-
tude with the inclusion of the intramolecular vibrational
modes, but coherence between site states is of the same
order for both electronic and vibronic dimers. To account
for the assistance of intramolecular vibrational modes to
long-decoherence times, the decoherence rate of vibronic
single exciton state superpositions is systematically ana-
lyzed in a broad regime of the dimer parameter space. It
is shown that the decoherence rate displays a non-trivial
behavior and that neither the nonadiabatic regime nor
the values of electronic and vibronic couplings of the dy-
namics analyzed lead to the lowest value in the decoher-
ence rate.
The fact that the dynamics induced by the suddenly-
turning-on of incoherent radiation are effectively coher-
ent, in the vibronic single exciton basis, may equivocally
leads to the conclusion that the temporal coherence of
the light source plays a minor role on the energy-transfer
process. By focusing on the non-trivial quantum char-
acteristics of the states of intramolecular vibrational de-
grees of freedom, it is ambiguously shown that under sun-
light illumination conditions, the state of the two vibra-
tional modes and that of the anticorrelated vibrational
mode evolve devoid of non-classical correlations. This is
in sharp contrast to the case of illumination by coherent
light sources [23] and can be considered as a genuine and
experimentally verifiable difference between natural and
in-lab conditions, independent of the suddenly-turning-on
condition.
I. LIGHT-HARVESTING ANTENNA SYSTEMS
UNDER SUNLIGHT
Consider a molecular aggregate immersed within a pro-
tein that is excited by incoherent sunlight radiation. The
global system-bath Hamiltonian reads Hˆ = HˆS + HˆSB +
HˆB. The light-harvesting system corresponds to a set of
N chromophores (sites) whose electronic degrees of free-
dom are coupled to quantized intramolecular vibrational
modes and described by the Hamiltonian
HˆS =
N∑
i=1
(
Eg
i
1ˆi + ǫiσˆ
+
i σˆ
−
i
)
+
N∑
i6=j
Vij σˆ
+
i σˆ
−
j
+
N∑
i=1
~giσˆ
+
i σˆ
−
i
(
bˆ
†
i + bˆi
)
+
N∑
i=1
~̟ibˆ
†
i bˆi,
(1)
being Eg
i
the ground state energy, ǫi the electronic en-
ergy of the ith site, σˆ+i (σˆ
−
i ) creates (annihilates) an elec-
tronic excitation in the ith site, Vij is the electronic cou-
pling between the ith and the jth site. Here, bˆ†i (bˆi) is the
creation (annihilation) operator of the ith intramolecular
vibrational mode of frequency ̟i, and gi =
√
Si̟i repre-
sents the coupling between the ith excited eletronic state
and the ith intramolecular vibrational mode, and Si is
the Huang-Rhys factor.
The action of the operators σˆ+i and bˆ
†
i al-
lows for defining, in an adiabatic basis, the vi-
bronic states (i.e., electronic-vibrational states) in
the electronic ground, singly excited, and dou-
bly excited states through the relations | gi, νi 〉 =(
bˆ
†
i
)νi
/
√
νi!| gi, 0 〉, | ǫi, νi 〉 = σˆ+i
(
bˆ
†
i
)νi
/
√
νi!| gi, 0 〉,
| fij , νi 〉 = σˆ+i σˆ+j
(
bˆ
†
i
)νi
/
√
νi!| gi, 0 〉, respectively. νi
stands for the vibrational quantum number of the ith
site and | gi, 0 〉 for the electronic-vibrational ground state.
The eigenstates of the Hamiltonian HˆS correspond to
the vibronic exciton states {|ψn 〉} defined by HˆS|ψn 〉 =
ξn|ψn 〉. The vibronic single exciton states are defined
by |ψn 〉 =
∑N
i=1
∑
νi
Cni,νi | ǫi, νi 〉. The localization of
the nth vibronic single exciton state on the kth site
is given by lǫk(ψn) = 〈ψkn|ψn 〉 =
∑
νk
∣∣∣Cnk,νk
∣∣∣
2
, being
|ψkn 〉 =
∑
νk
Cnk,νk | ǫk, νk 〉 a vibronic single exciton state
completely localized on the kth site. The intersite mix-
ing ratio for a superposition between the nth and the
mth vibronic single exciton states of a vibronic dimer is
defined by [20] ζnm = lǫ1(ψn)lǫ2(ψm) + lǫ1(ψm)lǫ2(ψn).
This ratio characterizes the type of coherence in the vi-
bronic single exciton basis: ζnm = 1 for a pure electronic
coherence (superposition between vibronic single exciton
states localized each one on different sites), and ζnm = 0
for a pure vibrational coherence (superposition between
vibronic single exciton states localized on the same site).
Due to the exponential scaling of the dimension of
the full Hilbert space, for all simulations below, only
the first four states (ground state and three excited lev-
els) of each intramolecular vibrational mode are consid-
ered. Convergence of the density matrix time evolution
was verified with the case of four excited levels. For
the vibronic dimers considered here (two monomers and
two intramolecular vibrations), the vibronic exciton man-
ifold has then dimension 64: 16 vibronic ground exci-
ton states {|ψ1 〉, . . . , |ψ16 〉}, 32 vibronic single exciton
states {|ψ17 〉, . . . , |ψ48 〉} and 16 vibronic double exci-
ton states {|ψ49 〉, . . . , |ψ64 〉}. The comparison with the
case of an electronic dimer with no specific intramolec-
ular vibrational modes, in the site {| ǫ1 〉, | ǫ2 〉} and in
the exciton basis {| e 〉, | e′ 〉}, follows after tracing over
the intramolecular vibrational degrees of freedom in the
density matrix of the vibronic dimer. For electronic
dimers, the Frenkel Hamiltonian corresponds to the first
two terms of the Hamiltonian described in Eq. (1). Thus,
the two monomers have a site representation described by
the states {| ǫ˜1 〉, | ǫ˜2 〉} and by two single exciton states
{| e˜ 〉, | e˜′ 〉}.
Specifically, the two phycoerythrobilin (PEB50/61 C
and PEB50/61 D) chromophores from the protein-antenna
phycoerythrin 545 (PE545), and the two dihydro-
biliverdin (DBV50/61 C and DBV50/61 D) chromophores
from the protein-antena phycocyanin 645 (PC645) of ma-
rine cryptophyte algae are considered below. The PEB
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FIG. 1. Left panels: 〈ψa|HˆS|ψa〉 as a function of the ratio between the exciton energy splitting ∆e and the intramolecular
vibrational frequency ̟. Right panels: 〈ψa|HˆS|ψa〉 as a function of the electronic coupling V . For both panels, upper figures:
PEB dimer, and bottom figures: DBV dimer. The vertical black dashed lines indicate the conditions considered in the
simulations.
states ∆ǫ = 1042 cm−1, and due to the large spatial sep-
aration between chromophores, the electronic coupling
is small (V = 92 cm−1); in consequence, each excitonic
state is highly localized over a specific chromophore. The
exciton energy splitting is ∆e = 1058 cm−1. The DBV
dimer has a small energy gap between excited electronic
states ∆ǫ = 73 cm−1, and moderate electronic coupling
(V = 319.4 cm−1) that results in the formation of de-
localized exciton states with an exciton energy splitting
∆e = 643 cm−1. Figure 1 depicts the functional depen-
dence of 〈ψa|HˆS|ψa〉 on the ratio between the exciton
energy splitting and the intramolecular vibrational fre-
quency ∆e/̟, and on the electronic coupling V for the
first ten vibronic single exciton states (|ψ17 〉, . . . , |ψ26 〉)
for the PEB (top panels) and DBV (bottom panels)
dimers. The vertical dashed lines indicate the conditions
considered in the simulations below, and corresponds to
a nonadiabatic framework [16, 22] that has been related
to an enhancement of energy transfer process and the ap-
pearance of non-trivial quantum correlations driven by
strong vibronic interactions [19, 23, 36].
The environment of the protein complex in Eq. (1) can
be treated as a local phonon bath, whereas sunlight is for-
mally described as blackbody radiation at 5600 K. Due
to the highly mixed character of electronic-vibrational
coherences, it is then necessary also to consider the cou-
pling of the vibrational modes to the environment of the
protein complex. The system-bath Hamiltonian is given
by
HˆSB =
N,∞∑
i,l
~g
(e)
il σˆ
+
i σˆ
−
i
(
bˆ
(i)
l + bˆ
(i)†
l
)
−
N∑
j
µˆj · Eˆ(t)
+
N,∞∑
i,m
~g
(v)
im (bˆ
†
i + bˆi)
(
bˆ(i)m + bˆ
(i)†
m
)
,
(2)
HˆB =
N,∞∑
i,l
~ω
(i)
l bˆ
(i)†
l bˆ
(i)
l +
∑
k,s
~ckaˆ†
k,saˆk,s
+
N,∞∑
i,m
~ω(i)m bˆ
(i)†
m bˆ
(i)
m .
(3)
Here, g
(e)
il (g
(v)
im ) represent the coupling between the i
th
site (ith intramolecular vibrational mode) and the lth
(mth) phonon mode. bˆ
(i)†
l
(
bˆ
(i)
l
)
is the creation (anni-
hilation) operator of a lth phonon mode of frequency
ω
(i)
l which interacts with the i
th site. bˆ
(i)†
m
(
bˆ
(i)
m
)
is
the creation (annihilation) operator of a mth phonon
mode of frequency ω
(i)
m which interacts with the ith in-
tramolecular vibrational mode. µˆj is the dipole oper-
ator for the ith site and the electric field of the radi-
ation [37] is given by Eˆ(t) = Eˆ(+)(t) + Eˆ(−)(t), with
Eˆ
(+)(t) = i
∑
k,s
(
~ω
2ǫ0V
)1/2
aˆk,s(εk,s)e
−iωt and Eˆ(−)(t) =
[
Eˆ
(+)(t)
]†
, and aˆ†
k,s (aˆk,s) being the creation (annihila-
tion) operator for the kth radiation field mode in the sth
polarization state.
A. System dynamics
The effect of the incoherent radiation environment
(blackbody bath) and the vibrational environment
(phonon bath) is encoded in the spectral densities JBB(ω)
and JPBj (ω), respectively. The blackbody radiation bath
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FIG. 2. Vibronic single exciton states populations ρaa = 〈ψa |ρˆ|ψa〉 and coherences (inset figures) Rρab = R 〈ψa |ρˆ|ψb〉 (color
coding is shown on top) in the PEB dimer for the reorganization energies Λ(e) = 0, 10, 30, 100 cm−1 and Λ(v) = 10 cm−1. Baths
parameters are T
(e,v)
PB = 300K, TBB = 5600K.
is characterized by the super-Ohmic spectral density [31]
ω2JBBj (ω) =
2~ω3
3(4ǫ0π2c3)
. (4)
This spectral density generates long-lasting coherent dy-
namics (see Fig. 2, Λ(e,v) = 0 case) provided by the lack
of pure dephasing dynamics and the strong dependence
of the decoherence rate on the system level spacing [31]
(see Fig. 3 A and B). The spectral density of the phonon-
baths reads
ω2JPBj (ω) =
2Ω
(e,v)
j Λ
(e,v)
j ω
~(ω2 +Ω
(e,v)2
j )
, (5)
where Ω(e,v) represents the cutoff frequency and Λ(e,v)
the reorganization energy of the phonon baths coupled
to the electronic (e) and intramolecular vibrational (v)
degrees of freedom. The dynamics of light-harvesting
systems with spectral densities of the form (5) are com-
monly solve with the hierarchical equations of motion
(HEOM) method [38–40]. However, this method cannot
be applied to super-ohmic spectral densities. To circum-
vent this, the HEOM method has been used to treat
the phonon bath whereas the non-unitary effect of the
incoherent light has been accounted for by a Lindblad
dissipator [41, 42]. However, this hybrid approach does
not properly get into account the influence of the super-
Ohmic spectral density in the density matrix dynamics
since it does not consider the dependence of the decoher-
ence rates on the system level spacing. To adequately de-
scribe the correlations induced by the super-Ohmic spec-
tral density of the blackbody radiation together with the
phonon bath effects, the dynamics are solved in the vi-
bronic exciton basis {|ψn〉}, i.e., in the eigenstates of the
Hamiltonian in Eq. (1), by using the standard Redfield
master equation (second-order and non-secular) [31, 43].
Recent works on energy transfer dynamics of vibronic
dimers excited with coherent light have considered the
Redfield approach and have shown similar results to the
HEOM method under parameters used in experimental
conditions [44–46]. Further details about both methods
and comparison between them are presented in SI, Sec.
1 and 2.
II. DYNAMICS IN THE PRESENCE OF
BLACKBODY RADIATION AND PHONON
BATHS
Energy transfer starts with the rapid incoherent
excitation of the electronic sites in their electronic
ground states with transition dipole moments of
11.87 D (PEB50/61 D), 12.17 D (PEB50/61 C), 13.1 D
(DBV50/61 D) and 13.2 D (DBV50/61 C). Initially, each
chromophore is in its ground electronic state and the in-
tramolecular vibrational modes are in thermal equilib-
rium at T = 300K. After the dynamics begin, the vi-
bronic dimer remains coupled to the incident blackbody
radiation [31, 35]; this is in sharp contrast to the pulsed
laser excitation conditions [7]. The frequency of the two
intramolecular vibrational modes is in full resonance with
the exciton splitting, i.e., ̟1 = ̟2 = ∆e. The vi-
bronic coupling strength to each monomer is the same,
i.e., g1 = g2 = g , specifically, g = 267.1 cm
−1 for the PEB
dimer and g = 250 cm−1 for the DBV dimer. For the sim-
ulations below, same spectral densities on each monomer
are taken, with Ω
(e)
j = 100 cm
−1 and for various values
of the reorganization energy Λ
(e)
j . Besides, same spec-
tral densities on each intramolecular vibrational mode
are taken, with Ω
(v)
j = 50 cm
−1 and reorganization en-
ergy Λ
(v)
j = 10 cm
−1 provided that Λ
(e)
j 6= 0.
A. Vibronic single exciton basis
Consider first the dynamics of the vibronic dimer in in-
teraction with blackbody radiation only, i.e., set to zero
the non-unitary effects related to the phonon baths and
assume that the system and the blackbody radiation are
initially decoupled, i.e., ρˆ(t0) = ρˆS(t0) ⊗ ρˆBB(t0). The
transition dipole moments are considered parallel to the
incident electric field and constant in time so that the
effect of different orientations of the transition dipole mo-
ments is neglected.
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FIG. 3. Decoherence rate γ18,20 [s
−1] (color map) for the PEB dimer with the reorganization energies Λ(e,v) = 0 cm−1 (top
panels), Λ(e) = 10 cm−1, Λ(v) = 10 cm−1 (middle panels) and Λ(e) = 100 cm−1, Λ(v) = 10 cm−1 (bottom panels), as a function
of the ratios g/∆ǫ, ̟/∆ǫ, V/∆ǫ and the transition dipole moment amplitude D, where ∆ǫ represents the site energy difference.
Green points represent the values adopted for the simulations of the density matrix dynamics in the vibronic single exciton,
exciton and sites bases, discussed throughout the paper. Baths parameters are T
(e,v)
PB = 300 K, TBB = 5600 K.
Figure 2 (Λ(e,v) = 0 case) shows the populations
(> 10−6) of the vibronic single exciton states and the co-
herent superpositions arising between them in the PEB
dimer after suddenly-turning-on the incoherent radiation.
The linear increase of the populations is expected in
low-intensity incoherent radiation [31]. In chromophores
isolated from the vibrational phonon environment, sud-
denly turned-on incoherent-light-induced-dynamics are
effectively coherent and last for hundreds of picoseconds
[31]. Nevertheless, the amplitude of the vibronic coher-
ences (∼ 10−8) is approximately two orders of magni-
tude smaller than the populations; hence, they turn out
to quickly become irrelevant for the dynamics of popu-
lations [28]. Most of these vibronic coherences display a
highly mixed electronic-vibrational character, quantified
through the intersite mixing ratio. Specifically, for the
coherences depicted in Fig. 2, ζ18,19 = 0.52, ζ18,20 = 0.50
and ζ19,20 = 0.48. Therefore, vibronic coherence dynam-
ics are influenced by the decoherence and dissipation of
the electronic as well as intramolecular degrees of free-
dom. This is the reason for introducing a thermal bath
of each intramolecular vibrational mode in Eq. (3).
To incorporate the effect of the phonon bath (Λ(e,v) 6=
0), assume that it is initially decoupled from the dimers
ρˆ(t0) = ρˆS(t0) ⊗ ρˆBB(t0) ⊗ ρˆPB(t0). Figure 2 de-
picts the populations of vibronic single exciton states
for different values of the reorganization energy Λ(e) =
10, 30, 100 cm−1. Specifically, the population of the low-
est energy vibronic single exciton state |ψ17 〉 of the PEB
dimer increases for increasing values of the reorganiza-
tion energy. In the case of the DBV dimer, there is an in-
crease of two orders of magnitude in the population of the
state |ψ17 〉, see SI, Fig. S2. This is a consequence of the
intricate interplay between bath-enhanced rates and non-
adiabatic dynamics of vibronic single exciton states with
small energy gaps. Figure 2 also depicts the dynamics of
6superpositions between vibronic single exciton states (vi-
bronic coherences). The vibronic coherences, originated
by the turning-on of the incoherent radiation, decay due
to the interaction with the phonon bath. Their influence
on the population of the vibronic single exciton states is
negligible, owing to the amplitude of the vibronic coher-
ences is approximately one (PEB dimer) and two (DBV
dimer) orders of magnitude smaller than the populations
of vibronic single exciton states.
To explore the role of the vibronic coupling and the
incoherent light excitation process on the lifetime of
quantum superpositions between vibronic single exciton
states, the decoherence rate of the highest amplitude vi-
bronic coherence Rρ18,20(t) in the PEB dimer is ana-
lyzed (see Fig. 2). Figure 3 depicts the functional de-
pendence of the decoherence rate γ18,20 on the ratio be-
tween the vibronic coupling and the site energy difference
g/∆ǫ, the ratio between the intramolecular vibrational
frequency and the site energy difference ̟/∆ǫ, the ratio
between the electronic coupling and the site energy dif-
ference V/∆ǫ, and the dipole moment amplitude D. The
green points in Fig. 3 depict the specific values for the
PEB dimer, g/∆ǫ = 0.26, ̟/∆ǫ = 1.02, V12/∆ǫ = 0.09
and D = 1 (For the DBV dimer case, see SI, Fig. S3).
In absence of thermal baths for the intra-molecular vi-
brational modes (not shown), the decoherence rate γ18,20
decreases for increasing values of the vibronic coupling
g . However, in the more realistic scenario depicted in
Fig. 3, increasing the vibronic coupling may lead to re-
gions of parameter space with higher decoherence rates.
Thus, the decoherence rate γ18,20 displays a non-trivial
behavior under the variation of the physical quantities de-
fined above and neither the vibronic resonance condition
̟1 = ̟2 = ∆e (i.e., nonadiabatic regime) nor the val-
ues of electronic and vibronic couplings of the dynamics
discussed (see green points in Fig. 3) lead to the lowest
value in the decoherence rate. Thus, the longest decoher-
ence time for vibronic single exciton state superpositions
is not reached under the physical conditions considered
usually in two-dimensional-electronic-spectroscopy stud-
ies [22, 47].
For natural light-matter coupling strengths (Figs. 3
A, B, D, E, G and H): (i) increasing the reorganiza-
tion energy increases the decoherence rate γ18,20 for
Λ(e) = 0, 10, 100 [cm−1] as γ18,20 ∼ 108, 1013, 1013 [s−1],
respectively. (ii) For Λ(e) = 0, the decoherence
rate γ18,20 is at least five orders of magnitude smaller
than for cases with Λ(e) 6= 0. This follows from
the low intensity of sunlight and the energy-gap de-
pendence of blackbody radiation decoherence rates
γBBe,e′ ∼
(
µ2e,e′ω
3
e,e′/3~πǫ0c
3
)
coth(~ωe,e′/2kBT
BB). Thus,
for small energy gaps ~ωe,e′ , the decoherence rate γ
BB
e,e′
may be considerably smaller than the case of an Ohmic
thermal phonon bath γBBe,e′ ∼ 4kBTPBΛ/~2Ω, which is
energy-gap independent [31]. For the values of the re-
organization energy considered in Fig. 3, the increase of
the transition dipole moment amplitude leads to higher
values in the decoherence rate γ18,20 (see Fig. 3 C, F and
I). Increasing of the vibronic coupling g in Fig. 3 for the
values of the reorganization energy considered does not
leads to decrease of the decoherence rate.
B. Reduced exciton and site bases
The role of the high frequency intramolecular vibra-
tional modes is explored by comparing the reduced elec-
tronic dynamics (tracing over the intramolecular vibra-
tions) of the vibronic dimers considered above with
their corresponding electronic dimer dynamics (no spe-
cific intramolecular vibrational modes). Figures 4 and 5
show the populations and coherences in the exciton (top
panels) and site bases (bottom panels), with (vibronic
dimer) and without (electronic dimer) intramolecular vi-
brational modes for the PEB and DBV dimers, respec-
tively.
In the exciton basis, and in the absence of the phonon
baths (Λ(e,v) = 0 cm−1), the population of the lowest
energy exciton state of the vibronic dimer is higher than
that of its corresponding electronic dimer case: one and
half times for the PEB dimer (see Fig. 4 A), and two or-
ders of magnitude for the DBV dimer (see Fig. 5 A). The
amplitude of the coherence between single exciton states
in the vibronic dimer model (see Fig. 4 C) is one order of
magnitude higher than in the electronic dimer case (see
Fig. 4 D) for the PEB dimer, and two orders of magni-
tude in the case of DBV dimer (see Fig. 5 C and D). The
increase in population and coherence can be understood
as the result of the smaller energy gaps [1, 12] induced by
intramolecular vibrations, i.e., a consequence of the non-
adiabatic character of the dynamics (see Fig. 1). Hence,
for Λ(e,v) = 0, the population of the lowest energy exci-
ton state and the coherence between single exciton states
increase with the inclusion of intramolecular vibrational
modes.
In the presence of the phonon bath (Λ(e,v) 6= 0), the be-
havior of populations are similar to Λ(e,v) = 0. The ampli-
tude of the coherences increases slightly in the PEB dimer
(see Fig. 4 C and D) and by up to one order of magnitude
in the DBV dimer (see Fig. 5 C and D). The population
of the lowest energy exciton state of the PEB dimer have
higher amplitudes in the vibronic dimer than in the elec-
tronic dimer; however, as the value of the reorganization
increases, this population difference decreases. Moreover,
the population rate of the reduced vibronic dimer barely
changes by increasing the reorganization energy, thus see-
ing to be robust against the fluctuations of the phonon en-
vironment (see Figs. 4 A and 5 A). For small values of the
reorganization energy (Λ(e) ∼ 10cm−1), a similar popula-
tion trend is found for the DBV dimer; however, for mod-
erate (Λ(e) ∼ 30cm−1) and large values (Λ(e) ∼ 100cm−1)
of the reorganization energy, the population of the low-
est energy exciton state has slightly higher amplitudes in
the case of the electronic dimer than the vibronic dimer
(see Fig. 5 A). This clearly shows the highly non-trivial
interplay between bath-enhanced population rates and
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FIG. 4. Top panels—Dynamics in the single exciton basis for the vibronic dimer case {| e 〉, | e′ 〉}, and the electronic dimer
case {| e˜ 〉, | e˜′ 〉} varying the reorganization energy Λ(e) [cm−1] (Λ(v) = 10 cm−1) in the PEB dimer (color coding is shown on
the top left box): A,B) Populations of the lowest and highest energy single exciton states (solid and dashed lines represent the
vibronic and electronic dimer cases, respectively). C) Single exciton coherence in the vibronic dimer model. D) Single exciton
coherence in the electronic dimer model. Bottom panels—Dynamics in the site basis {PEB50/61 D,PEB50/61 C} (vibronic dimer
case {| ǫ1 〉, | ǫ2 〉}, and electronic dimer | ǫ˜1 〉, | ǫ˜2 〉) varying the reorganization energy Λ
(e) [cm−1] (Λ(v) = 10 cm−1) in the PEB
dimer (same color coding as the top panels): E,F) Populations of the two site states in the vibronic dimer (solid lines) and
the electronic dimer (dashed lines). G) Coherence between site states in the vibronic dimer model. H) Coherence between site
states in the electronic dimer model. Baths parameters are T
(e,v)
PB = 300K, TBB = 5600K.
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FIG. 5. Top panels—Dynamics in the single exciton basis for the vibronic dimer case {| e 〉, | e′ 〉}, and the electronic dimer
case {| e˜ 〉, | e˜′ 〉} varying the reorganization energy Λ(e) [cm−1] (Λ(v) = 10 cm−1) in the DBV dimer (color coding is shown on
the top left box): A,B) Populations of the lowest and highest energy single exciton states (solid and dashed lines represent the
vibronic and electronic dimer cases), respectively. C) Single exciton coherence in the vibronic dimer model. D) Single exciton
coherence in the electronic dimer model. Bottom panels—Dynamics in the site basis {DBV50/61 D,DBV50/61 C} (vibronic dimer
case {| ǫ1 〉, | ǫ2 〉}, and electronic dimer {| ǫ˜1 〉, | ǫ˜2 〉}) varying the reorganization energy Λ
(e) [cm−1] (Λ(v) = 10 cm−1) in the
DBV dimer (same color coding as the top panels): E,F) Populations of the two site states in the vibronic dimer (solid lines)
and the electronic dimer (dashed lines). G) Coherence between site states in the vibronic dimer model. H) Coherence between
site states in the electronic dimer model. Baths parameters are T
(e,v)
PB = 300K, TBB = 5600K.
non-adiabatic dynamics for highly localized (PEB) and
highly delocalized (DBV) excitons.
In the site basis, and for all values of the reor-
ganization energy considered, the population of the
chromophores PEB50/61 C and DBV50/61 C is higher
than that of PEB50/61 D and DBV50/61 D, respectively,
in the case of the vibronic dimer than in the elec-
tronic dimer case (see Fig. 4 E and F, and Fig. 5 E
and F). Since population is pumped from the ground
state and the transition dipole moments favor exci-
tation to singly excited exciton states with low en-
ergy, the population difference occurs due the localiza-
tion lǫi of the vibronic single exciton states on those
chromophores; specifically, lǫ1(ψ17) = 0.007, lǫ2(ψ17) =
0.993, lǫ1(ψ18) = 0.524, lǫ2(ψ18) = 0.476, lǫ1(ψ19) =
0.007, lǫ2(ψ19) = 0.993, and lǫ1(ψ20) = 0.475, lǫ2(ψ20) =
86.26
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FIG. 6. Values of the Mandel parameter Q for the vibrational modes of frequencies ̟1, ̟2, and ̟ac (top pannels: PEB dimer,
bottom panels: DBV dimer), for different values of the reorganization energies Λ(e) [cm−1] and Λ(v) = 10 cm−1 (color coding
is shown on the top left). Baths parameters are T
(e,v)
PB = 300K, TBB = 5600K.
0.525. Here, PEB50/61 D and DBV50/61 D are sites 1
whereas PEB50/61 C and DBV50/61 C are sites 2.
For the PEB dimer, the amplitude of the coherence
between site states of the vibronic dimer is higher than
that of its corresponding electronic dimer case. Also, the
coherence between site states decreases with the coupling
to the phonon bath and shows to be robust against the
fluctuations of the phonon environment. For the DBV
dimer, the coherence between site states increases with
the coupling to the phonon bath and remains of the same
order for electronic and vibronic dimers. Therefore, for
both dimers considered here, and for the highest values
of the reorganization energy, quantized vibrational modes
barely enhance populations or coherences in the site ba-
sis.
III. ON THE QUANTUM CHARACTER OF
THE INTRAMOLECULAR QUANTIZED
VIBRATIONS
It is well established that intramolecular quantized vi-
brational modes initially in a thermal state could de-
velop a genuinely non-classical character due to coherent
exciton-vibration interactions [23]. The detailed analysis
of the potential generation of non-classicality, in the con-
text of incoherent light excitation, allows for concluding
that the quantized vibrational modes do not display non-
classical correlations quantified by the Mandel parameter
[37].
The Mandel parameter identifies the non-classical char-
acter of bosonic states through the comparison of oc-
cupation number distribution for a given bosonic state
with the occupation number distribution of a coherent
state [37]. The Mandel parameter is given by Q =
(〈
nˆ2
〉− 〈nˆ〉2
)
/ 〈nˆ〉 − 1 , where nˆ is the occupation num-
ber operator of the bosonic state. For the case of a coher-
ent state the occupation number distribution corresponds
to a Poisson distribution (Q = 0). Thus, for any occupa-
tion number distribution narrower than a Poisson distri-
bution, i.e., with Q < 0, the associated bosonic state has
a quantum character with no classical analog.
For different values of the reorganization energy and
under sunlight illumination conditions, Fig. 6 depicts the
Mandel parameter for the two vibrational modes of fre-
quencies ̟1 and ̟2 considered in the vibronic model of
the PEB and DBV dimers. The reduced dynamics of the
anticorrelated vibrational mode of frequency ̟ac, previ-
ously analyzed in the seminal work by Jonas et al. [16]
and responsible for the non-adiabatic character of the dy-
namics (see Fig. 1), is also considered. For every case con-
sidered, the Mandel parameter adopted positive values,
which indicates that during the dynamics, the state of the
intramolecular vibrations modes has a classical character.
Even, in the case of absence of phonon bath (Λ(e,v) = 0),
the value of the Mandel parameter remains positive.
Under sunlight illumination conditions, dimers are
initially in their the electronic ground state while in-
tramolecular vibrations, that are decoupled from the
ground state, are initially at thermal equilibrium; there-
fore, the initial condition is devoid of quantum superpo-
sitions. Under pulsed-laser-excitation conditions, vibra-
tions are also assumed to be at thermal equilibrium; how-
ever, in sharp contrast to natural conditions, the dimer is
assumed to have been prepared in, e.g., an exciton state.
Therefore, under pulsed-laser-excitation conditions, the
dimer is initially prepared in a coherent superposition of
vibronic exciton states provided that the chromophore-
chromophore dipole interaction is finite.
For vanishing chromophore-chromophore dipole inter-
9action, the electronic and vibrational contributions to the
vibronic Hamiltonian in Eq. (1) commute; thus indicating
that a product state of electronic and vibrational single
eigenstates will also be an eigenstate –not a coherent su-
perposition of eigenstates– of the vibronic Hamiltonian.
The fact that for this product state the Mandel parameter
adopts only positive values led to conclude [23] that the
transient formation of vibronic exciton states establishes
non-classical correlations in the vibrational modes. How-
ever, the chromophore-chromophore dipole interaction is
finite under sunlight illumination but not non-classical
correlations are established provided the lack quantum
correlations in the initial state. Therefore, non-classical
correlations does not emerge due to the transient forma-
tion of vibronic exciton states, but as a consequence of
the initial quantum correlations established in the light-
harvesting system by the pulsed-laser-preparation of the
initial state.
IV. SUMMARY
The role of intramolecular vibrations resonant with ex-
citonic transitions in light-haversting systems was ana-
lyzed under natural sunlight illumination. The compre-
hensive analysis shows that the populations of single ex-
citon and site states of vibronic dimers are not signifi-
cantly affected as compared to their corresponding elec-
tronic dimers. Therefore, there is no direct evidence of an
enhancement in the energy transport mediated by the in-
clusion of resonant intramolecular vibrational degrees of
freedom under natural conditions. Recently, similar con-
clusions were elucidated about the impact of the vibronic
coupling in the electronic and vibrational coherences ob-
served in two-dimensional-electronic-spectroscopies [47].
However, the inclusion of the intramolecular vibrational
modes reinforces the exciton coherence by up to one order
of magnitude, as was shown for the DBV dimer.
Under incoherent light excitation conditions, it was fur-
ther shown that intramolecular vibrational modes do not
develop non-classical correlations provided that the ini-
tial state is devoid of quantum coherence. Therefore,
the generation of non-classical correlations via the tran-
sient formation of vibronic exciton states lacks of theo-
retical support and should be replaced in favor of the
natural dynamics of the initial quantum correlations es-
tablished in the light-harvesting system by the pulsed-
laser-preparation of the initial state.
ACKNOWLEDGMENTS
Broadband and chaotically enlighting discussions with
Prof. Paul Brumer on excitation with incoherent light
are acknowledged with pleasure. L.F.C. acknowledges fi-
nancial support from the Departamento Administrativo
de Ciencia, Tecnolog´ıa e Innovacio´n –COLCIENCIAS–.
This work was supported by the Comite´ para el Desar-
rollo de la Investigacio´n –CODI– of Universidad de Antio-
quia, Colombia under the grant number 2015-7631 and by
the Departamento Administrativo de Ciencia, Tecnolog´ıa
e Innovacio´n –COLCIENCIAS– of Colombia under the
grant number 111556934912.
[1] L. A. Pacho´n and P. Brumer, Phys. Chem. Chem. Phys.
14, 10094 (2012).
[2] A. Chenu and G. D. Scholes, Annu. Rev. Phys. Chem.
66, 69 (2015).
[3] E. Brunk and U. Rothlisberger, Chem. Rev. 115, 6217
(2015).
[4] C. Curutchet and B. Mennucci, Chem. Rev. 117, 294
(2016).
[5] I. de Vega and D. Alonso, Rev. Mod. Phys. 89, 015001
(2017).
[6] S. J. Jang and B. Mennucci, Rev. Mod. Phys. 90, 035003
(2018).
[7] P. Brumer, J. Phys. Chem. Lett. 9, 2946 (2018).
[8] G. S. Engel, T. R. Calhoun, E. L. Read, T.-K. Ahn,
T. Mancˇal, Y.-C. Cheng, R. E. Blankenship, and G. R.
Fleming, Nature 446, 782 (2007).
[9] E. Collini, C. Y. Wong, K. E. Wilk, P. M. G. Curmi,
P. Brumer, and G. D. Scholes, Nature 463, 644 (2010).
[10] G. Panitchayangkoon, D. Hayes, K. A. Fransted, J. R.
Caram, E. Harel, J. Wen, R. E. Blankenship, and G. S.
Engel, Proc. Natl. Acad. Sci. U.S.A. 107, 12766 (2010).
[11] A. Ishizaki, T. R. Calhoun, G. S. Schlau-Cohen, and
G. R. Fleming, Phys. Chem. Chem. Phys. 12, 7319
(2010).
[12] L. A. Pacho´n and P. Brumer, J. Phys. Chem. Lett. 2,
2728 (2011).
[13] S. F. Huelga and M. B. Plenio, Contemp. Phys. 54, 181
(2013).
[14] N. Christensson, H. F. Kauffmann, T. Pullerits, and
T. Mancˇal, J. Phys. Chem. B 116, 7449 (2012).
[15] A. Kolli, E. J. O’Reilly, G. D. Scholes, and A. Olaya-
Castro, J. Chem. Phys. 137, 174109 (2012).
[16] V. Tiwari, W. K. Peters, and D. M. Jonas, Proc. Natl.
Acad. Sci. USA 110, 1203 (2013).
[17] A. W. Chin, J. Prior, R. Rosenbach, F. Caycedo-Soler,
S. F. Huelga, and M. B. Plenio, Nat. Phys. 9, 113 (2013).
[18] A. Chenu, N. Christensson, H. F. Kauffmann, and
T. Mancˇal, Sci. Rep. 3, 2029 (2013).
[19] F. Novelli, A. Nazir, G. H. Richards, A. Roozbeh, K. E.
Wilk, P. M. Curmi, and J. A. Davis, J. Phys. Chem. Lett.
6, 4573 (2015).
[20] P. Maly´, O. J. Somsen, V. I. Novoderezhkin, T. Mancˇal,
and R. Van Grondelle, ChemPhysChem 17, 1356 (2016).
[21] J. C. Dean, T. Mirkovic, Z. S. Toa, D. G. Oblinsky, and
G. D. Scholes, Chem 1, 858 (2016).
[22] S.-H. Yeh, R. D. Hoehn, M. A. Allodi, G. S. Engel, and
S. Kais, Proc. Natl. Acad. Sci. U.S.A. , 201701390 (2018).
[23] E. J. O’Reilly and A. Olaya-Castro, Nat. Commun. 5
10
(2014).
[24] S. Mukamel, Principles of Nonlinear Spectroscopy (Ox-
ford University Press, 1995).
[25] T. Mancˇal and L. Valkunas, New J. Phys. 12, 065044
(2010).
[26] P. Brumer and M. Shapiro, Proc. Natl. Acad. Sci. U.S.A.
109, 19575 (2012).
[27] T. V. Tscherbul and P. Brumer, Phys. Rev. Lett. 113,
113601 (2014).
[28] Z. S. Sadeq and P. Brumer, J. Chem. Phys. 140, 074104
(2014).
[29] T. Grinev and P. Brumer, J. Chem. Phys. 143, 244313
(2015).
[30] A. Dodin, T. V. Tscherbul, and P. Brumer, J. Chem.
Phys. 144, 244108 (2016).
[31] L. A. Pacho´n, J. D. Botero, and P. W. Brumer, J. Phys.
B: At. Mol. Opt. Phys. 50, 184003 (2017).
[32] A. Chenu, P. Maly`, and T. Mancˇal, Chem. Phys. 439,
100 (2014).
[33] A. Chenu, A. M. Bran´czyk, G. D. Scholes, and J. E. Sipe,
Phys. Rev. Lett. 114, 213601 (2015).
[34] A. Chenu and P. Brumer, J. Chem. Phys. 144, 044103
(2016).
[35] L. A. Pacho´n and P. Brumer, Phys. Rev. A 87, 022106
(2013).
[36] G. D. Scholes, G. R. Fleming, L. X. Chen, A. Aspuru-
Guzik, A. Buchleitner, D. F. Coker, G. S. Engel, R. van
Grondelle, A. Ishizaki, D. M. Jonas, and et al., Nature
543, 647 (2017).
[37] L. Mandel and E. Wolf, Optical coherence and quantum
optics (Cambridge University Press, 1995).
[38] Y. Tanimura and R. Kubo, J. Phys. Soc. Jpn. 58, 101
(1989).
[39] A. Ishizaki and Y. Tanimura, J. Phys. Soc. Jpn. 74, 3131
(2005).
[40] A. Ishizaki and G. R. Fleming, J. Chem. Phys. 130,
234111 (2009).
[41] F. Fassioli, A. Olaya-Castro, and G. D. Scholes, J. Phys.
Chem. Lett. 3, 3136 (2012).
[42] H. C. Chan, O. E. Gamel, G. R. Fleming, and K. B.
Whaley, J. Phys. B 51, 054002 (2018).
[43] V. May and O. Ku¨hn, Charge and Energy Transfer Dy-
namics in Molecular Systems (WILEY-VCH, 2011).
[44] E. Romero, R. Augulis, V. I. Novoderezhkin, M. Ferretti,
J. Thieme, D. Zigmantas, and R. Van Grondelle, Nat.
Phys. 10, 676 (2014).
[45] V. I. Novoderezhkin and R. van Grondelle, J. Phys. B
50, 124003 (2017).
[46] D. I. Bennett, P. Maly, C. Kreisbeck, R. van Grondelle,
and A. Aspuru-Guzik, J. Phys. Chem. Lett. 9, 2665
(2018).
[47] H.-G. Duan, M. Thorwart, and R. Miller,
arXiv:1904.04033 (2019).
